The leaf economics spectrum (LES) describes large cross-species variation in suites of leaf functional traits ranging from resource-acquisitive to resource-conservative strategies. Such strategies have been integral in explaining plant adaptation to diverse environments, and have been linked to numerous ecosystem processes. The LES has previously been found to be significantly modulated by climate, soil fertility, biogeography, growth form, and life history. One largely unexplored aspect of LES variation, whole-plant ontogeny, is investigated here using multiple populations of three very different species of sunflower: Helianthus annuus, Helianthus mollis, and Helianthus radula. Plants were grown under environmentally controlled conditions and assessed for LES and related traits at four key developmental stages, using recently matured leaves to standardize for leaf age. Nearly every trait exhibited a significant ontogenetic shift in one or more species, with trait patterns differing among populations and species. Photosynthetic rate, leaf nitrogen concentration, and leaf mass per area exhibited surprisingly large changes, spanning over two-thirds of the original cross-species LES variation and shifting from resource-acquisitive to resource-conservative strategies as the plants matured. Other traits being investigated in relation to the LES, such as leaf water content, pH, and vein density, also showed large changes. The finding that ontogenetic variation in LES strategy can be substantial leads to a recommendation of standardization by developmental stage when assessing 'species values' of labile traits for comparative approaches. Additionally, the substantial ontogenetic trait shifts seen within single individuals provide an opportunity to uncover the contribution of gene regulatory changes to variation in LES traits.
Introduction
Trait combinations of the leaf economics spectrum (LES) (Wright et al., 2004) have been of focal interest in recent years for both their seeming universality and their integral role in explaining plant adaptation to specific environments (Westoby et al., 2002; Ordonez et al., 2009) . The LES describes large cross-species variations in suites of leaf functional traits ranging from resource-acquisitive to resourceconservative strategies. Besides explaining plant adaptation to specific environments, such strategies have been linked to a diversity of ecological processes and patterns ranging from nutrient and water relations to competition and herbivory to primary productivity and biogeochemistry (Spitters and Aerts, 1983; Cornelissen et al., 1999; Louault et al., 2005; Sterck et al., 2006; Poorter et al., 2009; Renteria and Jaramillo, 2011; ,Freschet et al., 2012; Kenzo et al., 2012; Nardini et al., 2012; Reich, 2012) . The traits of the LES, specifically the four focal traits of photosynthetic rate, nitrogen content, leaf mass per area (LMA), and, in recent years, leaf lifespan, have been the subject of much investigation, with increasing emphasis on multi-trait relationships and their evolution (Shipley et al., 2006; Donovan et al., 2011) . As researchers attempt to uncover the fine-scale mechanisms underlying the evolution of these relationships, empirical work continues to shift more and more towards comparative approaches, investigating patterns among closely related species, often in a phylogenetic context, as well as among ecologically differentiated populations (Ackerly, 1999; Cavender-Bares et al., 2006; Sambatti and Rice, 2007; Vasseur et al., 2012) . Such approaches rely on the assessment of precise trait values for species or populations, and plant biologists often make great efforts to control for unwanted trait variation caused by environmental conditions and leaf age. Such control is vital to ensuring that comparisons are unbiased, especially given the large degree of environmental plasticity reported for LES traits (Funk et al., 2007; Poorter et al., 2009; Wright and Sutton-Grier, 2012) .
Missing from most investigations into LES trait relationships is an explicit consideration of whole-plant ontogeny. Ontogenetic patterns in individual LES traits have received moderate attention in recent years (Gowda and Palo, 2003; Niinemets, 2004 Niinemets, , 2005 Ishida et al., 2005; Jullien et al., 2009; Mediavilla and Escudero, 2009 ), but all of these studies were performed in the field, with most as cross-sectional studies of populations rather than longitudinal tracking of plants through time. Field studies with cross-sectional sampling, i.e. sampling plants at different ontogenetic stages at one point in time, have the disadvantage of potentially confounding ontogenetic effects with environmental changes, historical effects, and even habitat filtering for specific functional trait values (Cornwell et al., 2006) . Thus, if a juvenile and a mature cohort of individuals are measured for a trait in the field, and it is found that mature individuals have a higher mean value of the trait, this pattern could be due to a constitutive ontogenetic shift, environmentally induced plasticity that only affected one of the two cohorts of plants, or could result from differential survival of individuals with a higher trait value through time. For example, a cross-sectional study of Chrysothamnus nauseosus demonstrated that juveniles had higher photosynthetic rates than reproductive adults in wet sites, but the pattern was reversed in dry sites (Donovan and Ehleringer, 1991) . Field studies that follow individuals through time have a different set of potential disadvantages, namely the confounding of ontogenetic effects with seasonal changes in temperature, nutrient, and water availability, various biotic factors, and other non-seasonal changes in environmental conditions. Regardless of study design, even the best-controlled ontogenetic studies have rarely examined more than two LES traits at a time. Taken together, studies of herbaceous species have found moderate shifts from resourceacquisitive to more resource-conservative suites of traits (e.g. Niinemets, 2004 Niinemets, , 2005 Jullien et al., 2009 ). The few ontogenetic studies of LES traits in woody species have found mixed patterns, for instance no change in leaf nitrogen concentration with ontogeny was found in Acacia tortilis (Gowda and Palo, 2003) , while increasing leaf nitrogen concentration and photosynthetic rate but also increasing LMA with ontogeny was found in the tropical tree Macaranga gigantea (Ishida et al., 2005) .
Two additional traits have garnered increasing attention as potential major drivers of LES variation. Shipley et al. (2006) used a structural equation modelling approach to conclude that a latent fifth variable was driving variation in the four focal LES traits. This was proposed to be the ratio of cell internal volume to cell wall space, proxied as leaf water content (Shipley et al., 2006) . Blonder et al. (2011) proposed that this latent variable was leaf vein density. These proposed explanatory traits, much like the LES traits themselves, have been minimally investigated for ontogenetic patterns that may inform mechanistic explanations of trait relationships, or, if unaccounted for, may bias comparative studies.
LES traits correlate with a number of ecologically important plant traits, including nutrient resorption rates (Renteria and Jaramillo, 2011) , drought resistance (Kenzo et al., 2012; Nardini et al., 2012) , competitive ability (Spitters and Aerts, 1983; Sterck et al., 2006) , resistance to herbivory (Louault et al., 2005; Poorter et al., 2009) , net primary productivity (Reich, 2012) , leaf litterfall (Ishihara and Hiura, 2011) , and litter decomposition (Cornelissen et al., 1999; Bakker et al., 2011; Freschet et al., 2012) . Such processes are influenced by both the LES traits themselves and associated leaf traits related to leaf size, morphology, water and nutrient relations, and general leaf chemistry. Leaf pH has been an associated trait of particular interest in recent years, as it has been found to co-vary strongly with LMA, leaf nitrogen and leaf carbon concentration, and decomposition rates among species (Cornelissen et al., 2006) , and is resilient (i.e. minimally plastic) with changing soil conditions (Cornelissen et al., 2011) .
The genus Helianthus is widely used for studies of plant physiology, particularly because of the important oilseed crop Helianthus annuus. The genus is highly diverse with regard to leaf morphology and physiology, and as such makes an ideal system in which to study the correlated evolution of leaf traits. As expected given the annual and herbaceous perennial nature of the genus, wild Helianthus species have been shown previously to cluster at the resource-acquisitive end of the LES. Previous work in H. annuus has shown ontogenetic effects on a number of leaf traits (Chimenti and Hall, 1993; Zahoor et al., 2010) , although only one LES trait (leaf nitrogen concentration; Hall et al., 1995; Howard and Donovan, 2007) .
This study examined ontogenetic patterns in LES and related traits in three species of Helianthus that differ strongly in life history and growth form, in order to assess the potential for differences in the magnitude and direction of ontogenetic patterns among closely related species. The focal LES traits here are assessed as part of a larger comprehensive suite of leaf traits, as many studies have evaluated these traits in relative isolation, and the inclusion of a thorough description of leaf changes will better inform future studies.
Materials and methods

Study system
Three species of Helianthus were chosen to investigate the generality of leaf ontogenetic patterns in a set of closely related species across variable growth form, life history, and placement in the currently understood phylogeny of the genus (Timme et al., 2007) . Wild H. annuus, the progenitor to the crop sunflower, is an erect annual adventive across North America, with the core of its range in the Great Plains, as well as the deserts of the Southwest. Helianthus mollis, the downy sunflower, is an erect perennial found primarily in the Midwest, the Ozark Plateau, and the southern Great Plains. Helianthus radula, the rayless sunflower, is an overwintering basal rosette perennial found throughout the south-eastern Coastal Plain and peninsular Florida. Three populations each of wild H. annuus and H. radula were used in this study, together with two populations of H. mollis. Populations were chosen to span a large portion of the native range of each species, in order to capture intraspecific variation. Seed was either obtained from the USDA Germplasm Resources Information Network or collected in the wild (see Table S1 at JXB online for source site localities and climate information).
Plant growth
Plants were grown in Conviron growth chambers (Conviron, Winnipeg, Canada) at the University of Georgia Plant Biology greenhouses to standardize environmental conditions throughout the course of the experiment. Seeds were germinated on wet filter paper in Petri dishes on 4 October 2011, and transferred to 4-litre pots within 1 week. Fafard 3B mix (Conrad Fafard, Agawam, MA, USA) was used as rooting medium, and supplemented before planting with 10 g of surface-applied Osmocote Plus 15-9-12 9-month slow-release fertilizer with micronutrients (Scotts, Marysville, OH, USA) to ensure sufficient nutrient availability. Pots were watered daily to field capacity over the course of the experiment. Temperature was kept at 27 ± 0.1 °C during the day, and lowered to 20 ± 0.1°C at night. Relative humidity was maintained at 70 ± 5% throughout the experiment. Metal halide and fluorescent lighting was used, with an initial 12 h day length that was lowered to 10 h after 45 d in order to induce flowering. Plant growth altered the photosynthetic photon flux density at sampled leaf height from ~450 to ~650 µmol m -2 s -2 during the course of the experiment for two of the three species, an effect dealt with more thoroughly in the Discussion. All seedlings were established in a single growth chamber, after which individuals were assigned to a randomized complete block design spread across three growth chambers. Each chamber represented a statistical block with two replicates per population, for a total of six replicates per population, with the exception of one mortality in the OK population of H. mollis that could not be replaced.
Because most wild Helianthus species are self-incompatible, plants were cross-pollinated to ensure proper seed filling and uniformity of further plant development. When plants began to flower, the pollen from within each species in a block was collected, mixed together, and then used to pollinate all members of that species in the block.
Sampling design
Ontogenetic patterns were assessed based on stage, rather than age, following the recommendations of Gatsuk et al. (1980) and Niinemets (2004 Niinemets ( , 2005 . The goal was to assess traits of new leaves produced during a number of key developmental stages, while standardizing for leaf age. To do this, measurements were taken on the most recently fully expanded leaves on four dates during the life cycle of each species. Due to differences in phenology and growth rate, species typically entered different developmental stages at different times, but all members of a species were always assessed together. The stages assessed were juvenile (J), pre-reproductive (PR), flowering (F), and fruiting (FR). The juvenile stage was defined as plants with four to eight fully expanded leaves, which was the smallest size conducive to sampling that would not endanger plant survival. The pre-reproductive stage was defined as the stage preceding flowering, indicated by the presence of buds or a plant of equivalently large size to the majority of plants in bud. The flowering stage was defined as a plant having at least two flowers in anthesis, and no more than a quarter of flowers senescent. The fruiting stage was defined as all flowers being senescent (seed filling).
Because the annual H. annuus generally does not produce new leaves during the fruiting stage, and has a more uniform phenology within populations relative to the perennials, the pre-reproductive stage was split into two distinct stages: not budding (NB) and budding (B). This allowed better resolution of leaf trait changes while still maintaining four distinct developmental stages. Subdividing the PR stage in the two perennial species was not possible due to their less uniform phenology. The exact sampling schedule can be found in Table S2 at JXB online.
Measurements Twenty-three leaf-level traits were assessed on the most recently fully expanded leaves on each measurement date (see Supplementary data set at JXB online for further details). Gas-exchange measurements were made at 2000 µmol m -2 s -1 light intensity and 400 ppm CO 2 with a Li-Cor 6400 Portable Photosynthesis System (Li-Cor Biosciences, Lincoln, NE, USA), allowing for assessment of photosynthetic rate (A area ) and stomatal conductance (g s ). This high light intensity has been determined previously to be an appropriate light level for assessing maximum photosynthetic rate for members of Helianthus, and no evidence of photo-inhibition was seen during measurements. The gas-exchange leaf was harvested immediately after gas-exchange measurements and placed in a sealed plastic bag on ice until further analysis, for a period not over 2 h. As plants were well watered (saturation of the peat mix soil) at the time of gas-exchange measurements and subsequent leaf excision, leaves were not artificially rehydrated post-excision. The gas-exchange leaf was weighed for fresh mass and scanned with a digital scanner to obtain leaf area, perimeter, and circularity (where a value of 1 is a perfect circle and decreasing values indicate increasing elongation, serration, or lobing) using ImageJ freeware (Schneider et al., 2012) . The gas-exchange leaf was then assessed for laminar and midrib thickness using digital calipers halfway down the length of the leaf. A penetrometer was then used to assess leaf toughness by measuring the amount of force (in grams) needed to penetrate the leaf with a 1 mm diameter flat-tipped needle. Penetration measurements were taken on three different parts of each leaf and averaged. The leaf was then dried at 60 °C for 3 d in a forced-air drying oven, weighed for dry mass, and ground into a fine powder with a ball mill for carbon, hydrogen, and nitrogen (CHN) and pH analysis. CHN analysis was performed at the University of Georgia Analytical Chemistry Laboratory with Micro-Dumas Combustion (NA1500, Carlo Erba Strumentazione, Milan, Italy), yielding leaf nitrogen concentrations (N mass ), leaf carbon concentration (C mass ), and the carbon-tonitrogen ratio (C:N). Leaf pH was assessed following the method of Cornelissen et al. (2006 Cornelissen et al. ( , 2011 . A sample of the same powdered leaf tissue used for CHN analysis was dissolved in deionized water in a 1:8 volume ratio, shaken thoroughly, and centrifuged, and then measured with an ISFET handheld pH meter (model IQ150; IQ Scientific Instruments, Hach, Loveland, CO, USA).
At the time of gas-exchange measurements, the leaf opposite the gas-exchange leaf was measured for chlorophyll content with a SPAD-502 meter (Konica Minolta, Tokyo, Japan), averaging five SPAD scores taken on different parts of the leaf surface. The SPAD score represents the relative absorbance of light at one of the two absorbance peaks of chlorophyll (650 nm) as compared with an infrared wavelength (940 nm) to account for leaf thickness. This leaf was then harvested, dried, and prepared for vein density assessment following the clearing, staining, and mounting methods of Blonder et al. (2011) . Leaf sections were photographed (10.5 mm 2 images) using a light microscope at 25× magnification. Vein images were first cleaned with ImageJ (Schneider et al., 2012) , then binarized, skeletonized, and analysed using the LEAF GUI software package (Price et al., 2011) .
Also at the time of gas-exchange measurements, a small newly expanding leaf was tagged with a small piece of lightweight string to track leaf lifespan. This leaf was then assessed three times per week for percentage loss of greenness until full leaf senescence (100% loss of greenness). A total of four leaves on four different H. radula plants failed to fully senesce 403 d after germination, stalling at either 50% (a fruiting-stage leaf on an ANF plant) or 75% loss of greenness (a pre-reproductive-stage leaf on an RLR plant, and a flowering-stage and fruiting-stage leaf on two different LA plants).
Leaf lifespan measures for these leaves were truncated at this date. This may slightly lower estimates of leaf lifespan in H. radula, but, given that the small proportion of leaves involved are spread across three stages and all three populations, this effect should be negligible, and inclusion of truncated data gives a better estimate of leaf lifespan than the exclusion of data for leaves that failed to fully senesce.
Leaf water content (W m ) was calculated as the ratio of the mass of water present in the leaf to the dry mass of the leaf (Shipley et al., 2006) . Leaf dry matter content (LDMC) was calculated as the ratio of dry leaf mass to fresh leaf mass. LMA was calculated as the ratio of leaf dry mass to leaf area. Mass-based photosynthetic rate (A mass ) was calculated as the quotient of A area and LMA. Instantaneous water use efficiency (iWUE) was calculated as the ratio of A area to g s , and photosynthetic nitrogen-use efficiency (PNUE) was calculated as the ratio of A mass to N mass .
Statistical analysis
Statistical analyses were performed separately for each species with SAS version 9.3 (SAS, Cary, NC, USA). A repeated-measures analysis of variance was used in PROC MIXED for each trait, using an autoregressive co-variance structure, in order to assess for the effects of block, stage, and population on each trait. A Bonferroni correction was applied to correct for multiple trait comparisons (α=0.0016). Block was never found to be a significant effect, and its removal did not alter the significance of stage or population effects, so block was retained in the model. When the main effects were significant, Tukey post-hoc analyses were used to evaluate significant differences among stages and populations. When significant interaction terms were observed between the main population and stage effects, data were sorted by population to test for stage effects, in order to evaluate how populations differentially changed through stages. Additionally, identical analyses performed on an age basis yielded very similar results to those performed based on stage, and are thus omitted for brevity.
Results
All three study species showed significant ontogenetic shifts in multiple leaf traits, although the timing and direction of changes differed among species (Table 1) . For H. annuus and H. radula, several of the ontogenetic trait shifts also differed among populations. The four focal LES traits showed large shifts with ontogeny. Photosynthetic rate on a mass basis dropped significantly between the juvenile and later stages in H. annuus and H. mollis (Fig. 1) . In H. radula, this trend existed in two of the three populations, but was only significant in the ANF population between the juvenile and last two stages (Table 1 ). Leaf nitrogen concentration shows much the same pattern as photosynthetic rate, declining sharply in all three species from the first to the second stage, and declining further in H. annuus and H. mollis from the second to the fourth stage (Fig. 1) . LMA patterns differed strongly by species, with H. annuus and H. mollis increasing from the first to the second stage, while in H. radula no significant changes were observed (Fig. 1) . Leaf lifespan (time to full senescence) did not change significantly with ontogeny in either H. mollis or H. radula, but did change significantly in two populations of H. annuus, significantly increasing from the juvenile to the not-budding stage in UT and NE populations, and then declining again from the budding to the flowering stage (Table 1) .
Other key traits also showed large ontogenetic shifts, although patterns differed by trait and species. Chlorophyll content showed significant decreases after the juvenile stage (followed by small increases in the flowering stage) in H. annuus, and significant overall decreases in H. mollis, although there were no significant changes in H. radula (Table 1) . Leaf water content decreased after the juvenile stage in both H. annuus and H. mollis, although not in H. radula (Fig. 2) . Leaf pH showed a surprisingly large variation with ontogeny in both H. annuus and H. mollis, including a large increase from budding to flowering in H. annuus versus a large decrease after the juvenile stage followed by a sharp increase until the flowering stage in H. mollis (Fig. 2) . Lamina thickness increased significantly with ontogeny in both H. annuus and H. mollis, while midrib thickness exhibited a mixed pattern (Table 1) . Leaf toughness increased from the first to the second stage in H. annuus, H. mollis, and the RLR population of H. radula (Table 1) . Conductance and instantaneous water-use efficiency did not change in H. annuus or H. radula, but significant increases and decreases with stage were seen in H. mollis (Table 1) . Despite large shifts seen in both photosynthetic rate and nitrogen in all species, photosynthetic nitrogen-use efficiency exhibited ontogenetic shifts only in the RLR population of H. radula (Table 1) . Lastly, vein density exhibited significant shifts in both H. annuus and H. mollis, although not in H. radula (Fig. 2) .
Plotting ontogenetic changes in photosynthetic rate, leaf nitrogen concentration, and LMA for the eight populations observed against the cross-species GLOPNET dataset of Wright et al. (2004) showed a remarkable proportion of the LES covered by ontogenetic changes within individuals (Fig. 3) . As would be expected for herbaceous species, the juvenile stages occupied the high A mass , high nitrogen, low LMA end of the spectrum. However, later stages unexpectedly and dramatically shifted towards the low A mass , low nitrogen, high LMA end of the spectrum, although remaining largely within the main axis of the GLOPNET variation (Fig. 3) .
Discussion
Ontogenetic shifts in leaf economic trait combinations
Ontogenetic changes were pronounced in this study. Each species experienced a distinctive shift in leaf trait combinations produced during early and late stages, largely in line with a shift from resource-acquisitive (high A mass and N mass , low LMA) to resource-conservative (low A mass and N mass , high LMA) suites of traits. For H. annuus, early leaves were on average more massive, larger in area, rounder in shape, thinner, juicier, less tough, more photosynthetically productive, more nitrogenous, more acidic, longer lived, and with higher chlorophyll content and lower LMA and vein density than later leaves. The erect perennial H. mollis had a largely similar pattern, although with the addition that early leaves had higher conductance, as well as lower iWUE than later leaves.
The basal rosette perennial H. radula demonstrated a different pattern, with only a few trait differences between early and late leaves. Although early leaves were generally larger in area, more productive, and more nitrogenous than later leaves, as in H. annuus and H. mollis, early and late leaves were otherwise morphologically and physiologically similar. This is probably due to the basal rosette growth form of H. radula, which contrasts with the erect growth form of H. annuus and H. mollis. Another possible explanation for this difference could be the demands of the overwintering perennial life history of H. radula, whereas H. annuus is an annual and H. mollis is a deciduous perennial that dies back in the winter and resprouts in the spring.
The ontogenetic shifts from resource-acquisitive to resource-conservative suites of traits generally fell along the axis of the cross-species trait patterns described by the LES (Wright et al., 2004) . However, photosynthetic rate and nitrogen content shifted much more strongly than LMA and leaf lifespan. These ontogenetic shifts are consistent with the limited results available for other herbaceous species in field studies. Increasing LMA with ontogeny was found in studies of two herbaceous perennials, Pimpinella saxifraga and Leontodon hispidus, with decreasing plant nitrogen seen in L. hispidus but not assessed in P. saxifraga (Niinemets, 2004 (Niinemets, , 2005 . LMA in the annual Brassica napus was found to increase from seedling to bolting before decreasing (Jullien et al., 2009) . While the ontogenetic patterns observed in the few studies of herbaceous plants were largely consistent, studies of woody plants have observed a variety of patterns. For example, leaf nitrogen concentration was not found to change between juvenile and mature leaves of Acacia tortilis (Gowda and Palo, 2003) , while leaf nitrogen concentration, LMA, and photosynthetic rate strongly increased across seedlings, saplings, and adults of the tropical tree Macaranga gigantea (Ishida et al., 2005) . Additionally, contrary to the minimal changes seen here for leaf lifespan, seedlings of both the deciduous Quercus faginea and the evergreen Quercus ilex were found to have leaves that are much shorter lived than those of adults (Mediavilla and Escudero, 2009) . Increases in leaf toughness between the juvenile and later stages in H. annuus and H. mollis corresponded to increased leaf lifespan, while a lack of increased leaf toughness in H. radula Table 1 
. Ontogenetic patterns for the 23 leaf-level traits assessed in this study
For each species, the direction of each of the three transitions between the four measured stages is shown: J→NB, NB→B, B→F for H. annuus (ANN), and J→PR, PR→F, F→FR for H. mollis (MOL) and H. radula (RAD), excluding the last transition for the RLR population which was not measured in the fruiting stage. Changes, where significant, are indicated as a (+) or (-) for increases and decreases, respectively. For example, chlorophyll content in H. annuus is denoted by (-/NS/+), meaning that chlorophyll content decreased from the juvenile to the not-budding stage, remained stable through the budding stage, and then increased between the budding and flowering stage. Non-significant stage effects are indicated with a single 'NS' (e.g. chlorophyll content in H. radula). In the event that no stage-to-stage changes were significant when an overall stage effect was significant ( corresponded to a lack of increase in leaf lifespan (Table 1) . This pattern is also seen in shade-tolerant woody tropical plants, where leaf toughness is a major driver of leaf lifespan (Kitajima and Poorter, 2010; Westbrook et al., 2011; Kitajima et al., 2012) , even though Helianthus is largely shade-intolerant, herbaceous, and temperate. One caveat is that the increasing plant height for H. annuus and H. mollis over the course of this experiment resulted in increasing light levels for leaves sampled at later ontogenetic stages.
This effect could not easily be avoided due to differential growth rates and plant architecture among populations and individuals. However, it did not seem to drive the patterns observed. First, many of the ontogenetic shifts in LES traits seen in the two erect species (H. annuus and H. mollis) were also seen in the basal rosette H. radula, leaves of which did not change appreciably in height during the entire course of the experiment. Secondly, the largest shift in LES traits for all three species occurred between the first two stages, which corresponded to the smallest change . Error bars show standard error. Lower-case letters indicate significant differences among stages, as assessed with a Tukey post-hoc test; 'n.s.' indicates non-significance of stage, and 'int' indicates a significant statistical interaction between the effects of stage and population. Here, photosynthetic rate showed a significant effect of stage in the ANF but not the RLR or LA populations of H. radula, and leaf lifespan in H. annuus showed a significant effect of stage in the UT and NE populations, but not in the TX population.
in height (and thus perceived photosynthetically active radiation, <50 µmol m -2 s -1 ) for the two erect species, relative to the much larger changes in height between later stages that accompanied non-significant or minimal changes. For these reasons, we conclude that strong ontogenetic effects exist independent of any change in light conditions.
Insights into underlying mechanisms driving the leaf economics spectrum
The demonstration of large ontogenetic variation in LES traits raises obvious questions about the mechanistic basis for these observed shifts. It is possible that one LES trait, or another underlying physiological trait, shifts strongly with stage, and through trait interactions drives the suite of changes observed. Such a mechanistic effect has been hypothesized to drive differences in LES traits among species (e.g. Shipley et al., 2006; Simonin et al., 2012; Blonder et al., 2011) . Alternately, no one single trait may be driving the ontogenetic shifts seen here, but rather shifts in individual leaf traits may be the result of a coordinated adjustment of leaf physiology, perhaps signalled by more holistic plant needs.
Leaf water content largely co-varied with traits of the LES, being higher in leaves with higher photosynthetic rates and nitrogen content. Leaf water content has been hypothesized to represent a mechanistic driver of LES traits, specifically the relative leaf investment between internal cell volume and structural cell wall components (Shipley et al., 2006) , or alternately leaf hydraulic conductance (Simonin et al., 2012) . While our findings from Helianthus do not provide a direct test of these hypotheses, the proposed mechanisms would result in the type of co-varying patterns seen here. Blonder et al. (2011) proposed that constraints surrounding terminal vein structure drive the core transpiration/carbon assimilation trade-off, and therefore the LES itself. Modelling approaches have indicated that the four core LES traits should strongly track terminal vein structure, with leaves with high minor vein density having higher LMA and longer leaf lifespan (Blonder et al., 2011) . However, Walls (2011) found increasing photosynthetic rate with increasing minor vein density across Shipley et al., 2006) , leaf pH (after Cornelissen et al., 2006 Cornelissen et al., , 2011 , and leaf vein density (after Blonder et al., 2011) . 96 species. These two results seem contradictory given the strong trade-off between long-lived high-LMA leaves and high photosynthetic rate, nitrogen-rich leaves in the LES (Wright et al., 2004) . Our results from Helianthus contribute to this debate by showing that different patterns may exist within versus among species. The species with the lowest average minor vein density, H. radula, had the lowest photosynthetic rate, while the species with the highest average minor vein density, H. annuus, had the highest. Contrary to this relationship, as ontogenetic changes significantly decreased photosynthetic rate and nitrogen content in both H. annuus and H. mollis, minor vein density was significantly increased. This indicates that different mechanisms may govern the relationship between terminal venation and LES traits at different scales. It is possible that the ontogenetic patterns observed represent a shift in the primary limitation of maximum photosynthetic rate from conductance-driven CO 2 delivery to nitrogen-based photosynthetic machinery. Additionally, while Sack et al. (2012) demonstrated large changes in leaf venation structure with leaf development, minimal changes in minor vein density were noted. The results here from Helianthus, which are standardized for leaf age, show significant changes in minor vein density with whole-plant ontogeny.
One other recently published ecophysiological pattern is informed by our results. Cornelissen et al. (2011) found that leaf pH was a 'species-specific trait', meaning that leaf pH was largely unaffected by soil pH and exhibited much more interspecific variation than intraspecific variation. This would have broad implications for our understanding of leaf litter processes and ecosystem fluxes, as leaf pH is easily measured and was found to correlate strongly with litter nutrient content and decomposition. However, Cornelissen et al. (2011) did not consider potential differences among populations or developmental stages. Our results from Helianthus showed both a very large effect of ontogeny on leaf pH (with changes of up to 2 pH units between stages), and large differences in stage-specific means among populations. This indicates that leaf pH may not be a useful 'species-specific' trait, or indeed even a populationspecific trait, unless ontogenetic patterns are well understood in a system and stage standardization is employed.
Ontogenetic variation presents challenges and opportunities
The large stage-driven variation exhibited in this study highlights a strong need for the consideration of ontogeny when assessing LES trait variation. Wright et al. (2004 Wright et al. ( , 2005 demonstrated that climate, life history, functional group, and growth form exhibit modulating influences on LES relationships among species. Additionally, a large magnitude of intraspecific variation has been documented for ecotypes of Arabidopsis thaliana, variation that can be explained by differences in a few pleiotropic genes (Vasseur et al., 2012) . Our study demonstrates that ontogeny has at least as much of a modulating effect as previously considered factors, with within-individual ontogenetic changes in Helianthus spanning over two-thirds of the GLOPNET cross-species variation. The fact that individuals in different developmental stages can occupy such disparate positions on the LES indicates Fig. 3 . Within-individual shifts through time observed in this study compared with the cross-sectional species data of the GLOPNET (Wright et al., 2004 that ontogenetic variation can be non-trivial when it comes to assessing 'species values' for most traits. As more and more comparative studies of closely related species are employed in an attempt to uncover the roles of selection and genetic constraints in the evolution of the LES, ontogenetic variation needs to be accounted for in measurements of such labile traits, particularly for herbaceous species. Without standardization, the huge potential span in trait means observable within an individual makes the concept of 'population' or 'species' trait values largely invalid. This problem has been described previously for intraspecific variation among individuals (Garamszegi and Møller, 2010; Revell et al., 2012) , although variation within individuals has not been as well considered. When the ontogenetic dynamics of a study system are unknown, researchers attempting cross-population or cross-species comparisons should either err on the side of standardizing sampling by the stage most appropriate to the question and goals of the experiment, or else consider the effect of ontogeny as a large confounding factor that needs to be accounted for in statistical analyses.
Large ontogenetic shifts in LES traits within individuals suggest that large sources of LES trait variation can lie in gene regulation and expression, in addition to the conventional focus on sequence differences among individuals. Thus, species with large ontogenetic shifts may provide an opportunity to identify genes and regulatory mechanisms controlling LES traits by tracking ontogenetic changes in gene expression within a single genetic background. This may provide a valuable alternative to gene identification approaches based on comparisons among populations and species, in which sequence and regulatory differences are probably confounded. Furthermore, if the same gene regulatory mechanisms that drive ontogenetic shifts within individuals play a role in the process of adaptive differentiation among populations and species, then focusing efforts on understanding the mechanistic basis of such ontogenetic shifts may prove immensely fruitful to our understanding of the evolution of the LES.
Aside from potentially furthering our understanding of the evolution of the LES, there are numerous other evolutionary and ecological implications of ontogenetic variation in these important ecophysiological traits. Because cohorts of leaves produced in different developmental stages vary so strongly, these leaves probably fulfil different roles for the plant in nature. All three Helianthus species have juvenile stage leaves on the resource-acquisitive end of the spectrum, supporting fast growth, whereas later stages shift strongly towards the resource-conservative end of the spectrum. Interactions with the environment probably shift along with these leaf traits, given that species present on opposite ends of the LES are known to differ strongly in numerous environmental interactions. If the ecological consequences of ontogenetic shifts in leaf traits between early and late stages mirror those seen among species, such changes are likely to strongly alter nutrient and water relations (Renteria and Jaramillo, 2011; Kenzo et al., 2012; Nardini et al., 2012) , competition (Spitters and Aerts, 1983; Sterck et al., 2006) , herbivory (Louault et al., 2005; Poorter et al., 2009) , and quantity and quality of leaf litter (Cornelissen et al., 2006; Bakker et al., 2011; Ishihara and Hiura, 2011) . The aggregate of these changes may very well have impacts on local primary productivity (Reich, 2012) and biogeochemistry (Cornelissen et al., 1999; Freschet et al., 2012) . Additionally, the fact that species and populations of Helianthus appear to be differentiated for both trajectories and magnitudes of ontogenetic change for almost every leaf trait assessed in this study indicates that LES ontogenetic patterns themselves may be important adaptive traits worthy of study.
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